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HIGHLIGHTS 


•  Lao.6Sro.4Feo.9Sco.1O3 oxides  show  good  stability  in  both  oxidizing  and  reducing  environments. 

•  Lao.6Sro.4Feo.9Sco.1O3_ <5  electrodes  exhibit  polarization  resistances  of  0.015  Q  cm2  in  air  and  0.29  Q  cm2  in  H2  at  800  °C. 

•  Maximum  power  densities  of  0.56  W  cnrr2  are  obtained  at  800  °C  for  symmetrical  Lao.6Sro.4Feo.9Sco.1O3_ <5  electrode  fuel  cells. 
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The  main  barrier  to  symmetrical  solid  oxide  fuel  cells  (SOFCs),  where  the  same  catalytic  materials  are 
used  simultaneously  as  the  anodes  and  the  cathodes,  is  to  identify  a  redox-stable  catalyst  that  exhibits 
superior  catalytic  activities  for  both  fuel  oxidation  and  oxygen  reduction  reactions.  Here  we  report  a  Sc- 
substituted  Lao.6Sr0.4Fe03_«5  oxide,  Lao.eSro^Feo.gSco.iCb^,  that  shows  great  promise  as  a  new  symmet¬ 
rical  electrode  material  with  good  structural  stability  and  reasonable  conductivities  in  air  and  hydrogen. 
We  further  demonstrate  that  nano-scale  Lao.6Sr0.4Feo.9Sco.i03_<5  catalysts  impregnated  into  the  porous 
Lao.9Sro.iGao.8Mgo.203_,5  backbones  exhibit  good  catalytic  activities  for  oxygen  reduction  and  hydrogen 
oxidation  reactions  and  thereby  yield  low  polarization  resistances,  e.g.,  0.015  Q  cm2  in  air  and  0.29  Q  cm2 
in  hydrogen  with  appropriate  current  collection  at  800  °C.  Thin  Lao.gSro.iGao.sMgo^Ch^  electrolyte  fuel 
cells  with  such  symmetrical  Lao.6Sro.4Feo.gSco.i03_5  catalysts  showed  maximum  power  densities  of  0.56 
and  0.32  W  cm-2  when  operating  on  97%  H2-3%  H20  at  800  and  700  °C,  respectively. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  solid  oxide  fuel  cell  (SOFC)  is  a  clean  and  efficient  device  to 
generate  electricity  via  electrochemically  oxidizing  a  gaseous  fuel 
that  is  separate  from  an  oxidant  gas  (typically  air)  by  an  oxide  ion¬ 
conducting  and  gas-impermeable  electrolyte  [1].  The  traditional 
SOFC  materials  include  yttria-stabilized  zirconia  (YSZ)  electrolytes, 
Ni-YSZ  cermet  anodes  and  lanthanum  strontium  manganite  or 
ferrite  cathodes.  The  state-of-the-art  anode-supported,  thin  YSZ 
electrolyte  fuel  cells  usually  provide  maximum  power  densities  of 
>1  W  cm-2  at  800  °C  in  hydrogen  fuels  [2].  Such  a  high  operating 
temperature,  as  required  to  facilitate  the  oxide  ion  transport 
through  the  electrolyte,  allows  SOFCs  to  operate  on  non-hydrogen 
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fuels  such  as  natural  gas,  gasified  coal  gas  and  biogas  [3,4].  How¬ 
ever,  the  Ni-YSZ  anodes  suffer  from  deactivation  caused  by  sulphur 
poisoning  and  coking  formation  when  exposed  to  these  hydrocar¬ 
bon  fuels  [5].  Another  disadvantage  with  the  Ni-cermet  anodes  is 
their  large  volume  change  associated  with  Ni  <-►  NiO  phase  trans¬ 
formation  and  the  resulting  poor  stability  in  redox  cycling  that 
might  occasionally  occur  during  the  long-term  operation  [6]. 
Furthermore,  the  common  cathode  materials  such  as  Lao.s 
Sro.2Mn03_<5  (LSM)  and  Lao.6Sro.4Coo.8Feo.2O3 -,5  (LSCF)  are  vulner¬ 
able  to  decomposition  with  dramatically  decreased  oxygen  partial 
pressures  around  the  triple  phase  boundaries  for  fuel  cells  oper¬ 
ating  at  relatively  low  voltages,  which  would  result  in  redox 
degradation  of  the  cathodes  and  thereby  adversely  influence  the 
long-term  stability  of  the  fuel  cell  performance. 

An  effective  approach  to  address  the  above  practical  issues  is 
simultaneous  use  of  a  redox-stable  catalyst  as  both  the  anode  and 
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the  cathode  in  the  newly-developed  symmetrical  solid  oxide  fuel 
cells,  where  the  catalytic  activities  of  the  deactivated  anodes  can  be 
readily  restored  by  oxidizing  carbon  deposits  and/or  sulphur- 
contaminants  during  the  redox  cycles  [7].  The  symmetrical  SOFCs 
also  bring  about  additional  advantages  such  as  simplified  fabrica¬ 
tion  procedures  and  minimized  compatibility  issues.  In  order  to 
function  well  as  the  anodes  and  cathodes  concurrently,  the  sym¬ 
metrical  catalyst  materials  should  exhibit  good  structural  stability 
and  high  conductivities  over  a  wide  range  of  oxygen  partial  pres¬ 
sures  of  10-20-l  atm  as  well  as  reasonably  high  catalytic  activities 
toward  fuel  oxidation  and  oxygen  reduction  reactions.  Such 
demanding  requirements  seriously  restricted  the  choice  of  sym¬ 
metrical  electrode  materials,  most  of  which  were  derived  from  the 
SOFC  interconnect  or  oxide  anode  materials  such  as  Lao.7Cao.3 
Cr03_,5  (LCC)  [8,9],  A-  or  B-site  modified  chromium  manganites 
[7,10]  and  substituted  strontium  titanates  [11].  Nevertheless, 
insufficient  catalytic  activities  for  fuel  oxidation  and  oxygen 
reduction  reactions  necessitate  a  relatively  high  operating  tem¬ 
perature,  typically  in  excess  of  850  °C.  Incorporation  of  some  noble 
metal  catalysts  such  as  Pt,  Ag  or  Au  into  the  symmetrical  electrodes 
can  enhance  their  catalytic  activities,  but  might  be  problematic  for 
practical  applications  due  to  their  prohibitive  costs  [12].  Mixed- 
conducting  doped  ceria  such  as  Ceo.9Gdo.1O1.95  (GDC)  was  also 
introduced  as  the  catalyst  in  some  cases.  Up  to  date,  the  best  results 
were  achieved  with  symmetrical  fuel  cells  based  upon  nano- 
structured  LCC— GDC  electrodes  that  showed  maximum  power 
densities  of  0.64  W  cm-2  at  900  °C  in  hydrogen  fuels  [13]. 

An  alternative  approach  to  obtain  symmetrical  electrode  mate¬ 
rials  is  to  modify  the  typical  lanthanum  strontium  manganite 
or  ferrite  cathode  materials  via  doping  the  B-site  with  Mo4+, 
Cr3+  and  Sc3+  that  help  to  stabilize  these  perovskite  oxides  in  the 
strong  reducing  atmospheres,  such  as  Lao.eSro^Feo.gSco.iCU-^  [7], 
SrFeo.75Moo.25O3  (SFMO)  [14],  Lao.8Sro.2Mno.8Sco.2O3  [15]  and 
Lao.3Sro.7Cro.3Feo.7O3  [16].  LSGM  electrolyte  supported  fuel  cells 
with  symmetrical  SFMO  electrodes  showed  maximum  power  den¬ 
sities  of  0.65  W  cm-2  at  850  °C  in  hydrogen  fuels  [14].  Prior  reports 
have  shown  that  Lao.eSro^Feo.gSco.iCU^  symmetric  electrodes  could 
only  work  well  on  YSZ  or  LSGM  electrolytes  at  temperatures  above 
850  °C  [7].  Flere  we  investigate  the  stability  of  Lao.6Sr0.4Feo.g 

Sco.i  O3 _ ,5  in  both  air  and  hydrogen  atmospheres,  and  compare  the 

catalytic  activities  for  oxygen  reduction  and  fuel  oxidation  reactions. 
Furthermore,  we  demonstrate  that  thin  LSGM  electrolyte  fuel  cells 
with  nanostructured  Lao.eSro^Feo.gSco.iCU^  electrodes  rendered 
power  densities  in  hydrogen  fuels  as  high  as  0.56  and  0.32  W  cm-2  at 
800  and  700  °C,  respectively. 

2.  Experimental 

Lao.6Sro.4Feo.9Sco.i03_<5  (LSFSc)  powders  were  synthesized  via  a 
sol-gel  combustion  method.  Stoichiometric  amounts  of  analytical 
grade  La(N03)3  •  6H20,  Sr(N03)2,  Fe(N03)3  •  9H20  and  Sc(N03)3  •  9H20 
were  dissolved  in  deionized  water.  These  nitrates  were  99%  pure  and 
purchased  from  Sinopharm  Chemical  Reagent.  Citric  acid  was 
adopted  as  the  complexing  agent  and  added  in  a  1 :1  molar  ratio  of 
citric  acid  to  the  total  metal  ions  while  keeping  continuous  stirring 
with  the  pFI  value  adjusted  to  ~6  via  addition  of  ammonia.  The 
resulting  solution  was  slowly  heated  on  a  hotplate  until  self¬ 
combustion  occurred.  The  ash  was  pulverized  and  then  calcinated 
at  950  °C  for  4  h  in  air.  For  material  structural  stability  tests,  some  of 
the  powders  were  heat-treated  in  dry  hydrogen  at  800  °C  for  10  h. 
The  phase  structures  of  powders  as  synthesized  in  air  and  those 
heat-treated  in  hydrogen  were  examined  at  room  temperature  using 
an  X-ray  diffractometer  (XRD)  (Rigaku-D-Max  yA)  with  a  scanning 
range  of  20-80°.  The  as-synthesized  Lao.eSro^Feo.gSco.iC^  pow¬ 
ders  were  compacted  into  a  cylinder  with  a  diameter  of  13  mm  and 


then  fired  in  air  at  1350  °C.  The  electrical  conductivities  of  LSFSc 
were  measured  in  dry  hydrogen  and  ambient  air  from  500  to  850  °C 
using  a  standard  four-probe  DC  method. 

Thin  Lao.9Sro.iGao.8Mgo.203_,5  (LSGM)  electrolyte  SOFCs  with 
symmetrical  LSFSc  electrodes  were  fabricated  using  a  two-step 
procedure.  Firstly,  a  tri-layer  structure  -  porous  | dense  |  porous 
LSGM  -  was  fabricated  by  laminating  three  tape-cast  ceramic  green 
tapes  with  40  wt%  starch  filler  used  as  the  fugitive  material  for  the 
two  porous  layers,  followed  by  co-firing  at  1450  °C  to  density  the 
LSGM  electrolyte  layer.  In  the  second  step,  LSFSc  catalysts  were 
coated  on  the  internal  surfaces  of  the  two  porous  LSGM  layers  via 
the  liquid  impregnation  technique  as  previously  reported  [17]. 
Specifically,  nitrate  solutions  containing  La(N03)3-6H20,  Sr(N02)2, 
Fe(N03)3  •  9H20,  Sc(N02)3  •  9H20  and  citric  acid  in  appropriate  ratios 
were  impregnated  into  the  porous  LSGM  backbones  and  calcinated 
at  950  °C  for  4  h.  The  ultimate  loadings  of  the  impregnated  LSFSc 
catalysts  in  the  porous  LSGM  layers  were  controlled  by  varying  the 
number  of  impregnation/calcinations  cycles.  Note  that  additional 
impregnation  of  copper  nitrate,  after  impregnation  and  calcination 
of  LSFSc  catalysts  at  950  °C,  was  in  some  cases  conducted  with 
subsequent  calcinations  at  450  °C  to  form  copper  oxide.  The  cell 
structure  was  examined  after  testing  using  scanning  electron  mi¬ 
croscopy  (SEM)  in  a  Hitachi  S-4800-II  microscope. 

For  electrochemical  measurement,  silver  paste  was  applied  on 
the  electrode  surfaces  as  the  current  collector.  Current-voltage 
curves  and  electrochemical  impedance  spectra  were  obtained  using 
an  IM6  Electrochemical  Workstation  (ZAHNER,  Germany)  with  one 
side  exposed  to  ambient  air  and  the  other  to  humidified  (3%  H20) 
hydrogen  at  a  flow  rate  of  100  mL  min-1.  The  individual  electrode 
polarization  resistances  were  determined  by  testing  such  symmet¬ 
rical  fuel  cells  in  the  single-chamber  mode  with  humidified 
hydrogen  for  the  anode  and  ambient  air  for  the  cathode,  respectively. 

3.  Results  and  discussion 

Fig.  la  shows  the  X-ray  diffraction  patterns  of  LSFSc  powders 
calcinated  at  950  °C  in  air,  which  can  be  refined  using  MDI  Jade  6.0 
software  as  a  rhombohedral  crystal  structure  and  R3c  space  group 
with  a  =  5.5131  A  a  =  89.913°,  and  V  =  167.57  A3.  In  order  to 
examine  the  phase  stability  of  LSFSc  in  the  reducing  atmosphere, 
these  powders  were  heat-treated  in  dry  hydrogen  at  800  °C  for  10  h 
with  the  XRD  patterns  shown  in  Fig.  lb.  Despite  a  small  peak  at 
26  =  32.3°  that  can  be  attributed  to  the  minor  impurity  of  SrLaFe04, 
the  perovskite  structure  with  a  rhombohedral  symmetry  was  well- 
maintained  in  the  strong  reducing  environment  while  the  lattice 
parameters  changed  to  a  =  5.5280  A,  a  =  89.914°,  and 
V  =  168.93  A3.  Such  a  slight  increase  in  the  unit  cell  volume  of 
approximately  0.8%  correlates  with  reduction  of  LSFSc  oxides  and 


Fig.  1.  X-  ray  diffraction  patterns  of  Lao.eSro^Feo.gSco.iOs^  (LSFSc)  and  Lao.eSro^FeOs^ 
(LSF)  powders:  (a)  LSFSc  calcinated  in  air  at  850  °C,  (b)  LSFSc  heat  treated  in  H2  at 
800  °C,  (c)  LSF  calcinated  in  air  at  850  °C,  (d)  LSF  heat  treated  in  H2  at  800  °C. 
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loss  of  some  lattice  oxygen  as  previously  observed  for  Lao.75 
Sro.25Cro.5Mno.503_,5  (LSCM)  [10].  Note  that  annealing  longer  than 
10  h  did  not  result  in  a  pronounced  increase  in  the  diffraction  peaks 
from  the  SrLaFeCU  minor  impurities.  For  comparison,  the  primitive 
Lao.6Sro.4Fe03_,5  oxide  was  prepared  and  heat-treated  in  the  same 
manner,  and  X-ray  diffraction  patterns  of  the  resulting  powders 
(Fig.  lc  and  d)  indicated  that  the  rhombohedral  perovskite  struc¬ 
ture  as  obtained  in  air  was  totally  destroyed  in  dry  hydrogen, 
producing  a  mixture  of  Fe,  LaSrFeCU,  La2SrFe207  and  LaFe03.  These 
results  demonstrate  that  partial  substitution  of  Sc  for  Fe  in  the  B- 
site  can  substantially  increase  the  chemical  and  structural  stability 
of  lanthanum  strontium  ferrite  oxide  against  phase  decomposition 
in  reducing  atmospheres,  as  previously  observed  for  Sc-substituted 
Lao.8Sro.2Mn03  [15]. 

Fig.  2  shows  temperature  dependence  of  the  total  electrical 
conductivities  of  LSFSc  in  air  and  hydrogen.  In  air,  LSFSc  exhibited  a 
thermally  activated  semiconducting  behaviour  at  low  temperatures 
with  the  conductivity  increasing  with  temperature.  Nevertheless, 
the  conductivity  decreased  above  650  °C  with  further  increasing 
temperature,  resulting  from  decreased  charge  carriers  due  to  loss  of 
lattice  oxygen  and  the  concomitant  reduction  of  Fe4+  to  Fe3+  to 
maintain  charge  neutrality.  Such  a  phenomenon  was  typical  for  the 
perovskite-related  mixed  electronic  and  ionic  conducting  oxides 
[16,18].  As  shown  in  the  Arrhenius’  plot,  transition  from  semi¬ 
conducting  to  metallic  behaviour  yielded  a  pronounced  change  in 
the  activation  energies  for  electron  transport  in  LSFSc,  i.e.,  0.11  eV  in 
the  temperature  range  500-650  °C  and  0.027  eV  between  650  and 
800  °C.  Fig.  2a  also  shows  that  the  total  conductivity  of  LSFSc  in  air 
varied  between  98  and  108  S  cm-1  at  500-800  °C,  smaller  than  for 
the  parent  Lao^Sro^FeC^d  oxide  [19].  Similar  reduction  in  the 
electrical  conductivity  with  Sc3+  substitution  has  previously  been 
observed  for  Sc3+-substituted  Lao.sSro^MnC^,  which  can  be 
explained  by  the  interference  of  valence-constant  Sc3+  in  the  B-site 
with  electron  conduction  through  the  over-lapping  B— O-B  bonds 
via  a  Zerner  double-exchange  mechanism  [20]. 
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Fig.  2.  The  total  electrical  conductivities  of  La0.6Sro.4Feo.9Sco.i03_5  in  (a)  dry  air  and  (b) 
dry  hydrogen. 


Fig.  2b  shows  that  the  electrical  conductivity  of  LSFSc  in 
hydrogen  increased  from  0.077  S  cm-1  at  600  °C  monotonously  to 
0.69  S  cm-1  at  800  °C.  These  values  were  almost  two  magnitudes 
smaller  than  for  SrFei_xMox03_«5  [21],  but  much  higher  than  the 
common  redox-stable  Lat^sSro^sCro.sMno.sC^  oxide  [22].  Much 
lower  conductivities  of  LSFSc  in  hydrogen  than  in  air  can  be 
explained  by  the  transition  from  a  p-type  conductor  in  oxidizing 
environments  to  an  n-type  conductor  in  reducing  environments, 
where  the  main  charge  carriers  were  oxygen  vacancies  and  elec¬ 
trons  induced  by  losses  of  lattice  oxygen.  The  activation  energy  for 
the  total  conductivity  of  LSFSc  in  dry  H2  was  0.96  eV  over  the 
temperature  range  of  600-800  °C  that  is  between  the  values  of 
-0.7  eV  for  oxide-ion  conduction  and  2.2-2.4  eV  for  electronic 
conduction  [19].  Increasing  Sc3+  substitution  to  x  =  0.2  did  not 
eliminate  the  formation  of  SrLaFeCU  minor  impurities,  but  resulted 
in  a  large  decrease  in  the  conductivities,  e.g.,  0.28  S  cm-1  in  H2 
(25  S  cm-1  in  air)  at  800  °C.  Therefore,  higher  Sc3+  substitution  than 
x  =  0.1  in  La0.6Sr0.4FeO3_(5  was  not  further  explored  in  this  paper. 

In  order  to  examine  the  electrochemical  behaviour  of  LSFSc  as 
the  symmetrical  electrode  material,  symmetrical  fuel  cells  were 
fabricated  from  an  LSGM  tri-layer  -  18  pm  thick  dense  layer 
sandwiched  between  two  200  pm  thick  porous  layers,  where  LSFSc 
were  simultaneously  coated  onto  the  internal  surfaces  of  the 
porous  LSGM  backbones  using  the  liquid  impregnation  technique 
that  has  shown  great  promise  for  formation  of  nano-scale  catalysts 
with  higher  catalytic  activities  than  the  micron-scale  catalysts 
[17,23].  Note  that  a  volume  loading  of  Vlsfsc  =  20%  was  sufficient  to 
form  well-connected  coatings  on  the  pore  walls  (Fig.  3).  Impedance 
measurements  were  performed  on  the  symmetrical  fuel  cells  in  a 
uniform  atmosphere  of  dry  air  or  97%  H2— 3%  FI2O  to  quantitatively 
determine  the  catalytic  activities  of  the  impregnated  LSFSc-LSGM 
composite  electrodes  for  oxygen  reduction  or  hydrogen  oxidation 
reactions,  respectively.  Silver  paste  was  applied  on  the  electrode 
surfaces  as  the  current  collector,  and  platinum  paste  was  avoided  so 
as  to  exclude  its  interference  in  evaluating  catalytic  properties  of 
LSFSc  catalysts  for  fuel  oxidation  and  oxygen  reduction  reactions 
[24]. 

Fig.  4a  shows  the  Nyquist  plot  of  the  EIS  data  in  dry  air  at  800  °C 
that  featured  a  small  higher-frequency  arc  and  a  large  lower- 
frequency  arc  with  the  summit  frequency  at  —  500  FIz  and  —  5  Hz 
(Fig.  4c),  respectively.  With  temperature  decreasing  to  700  °C,  the 
lower-frequency  arc  remained  almost  unchanged  while  the  higher- 
frequency  arc  increased  exponentially  and  thereby  became  domi¬ 
nant,  as  shown  in  Fig.  4b.  This  is  consistent  with  prior  reports  that 
the  higher-  and  lower-frequency  processes  are  related  to  oxygen- 
anion  transfer  from  the  deposited  catalysts  into  the  supporting 
backbones  at  their  interfaces  and  the  oxygen-exchange  reaction  on 
the  catalyst  surfaces  [17],  which  dominate  the  oxygen  reduction 
kinetics  on  the  LSFSc  impregnated  LSGM  cathodes  at  low  and  high 
temperatures,  respectively.  The  overall  cathode  polarization  re¬ 
sistances  ( Rpt  c)  correspond  to  the  differences  between  the  higher- 
and  lower-frequency  real-axis  intercepts  and  are  summarized  in 
Fig.  4d.  The  RPy  c  value  increased  from  0.015  Q  cm2  at  800  °C  to 
0.27  Q  cm2  at  600  °C,  much  lower  than  for  most  symmetrical 
electrode  materials  currently  under  investigation.  For  example, 
LSCM-YSZ  cathodes  showed  RPt  c  values  of  0.09-0.27  Q  cm2  on  the 
YSZ  electrolytes  at  950-850  °C,  whereas  SFMO  and  Lao.75Sro.25 
Cr0.5Al0.5O3_5  cathodes  exhibited  RPt  c  values  of  0.24  Q  cm2  at  780  °C 
and  0.18-1.2  Q  cm2  at  950-800  °C  on  the  LSGM  electrolytes, 
respectively  [7].  Fig.  4d  also  shows  that  the  activation  energy  for 
oxygen  reduction  reactions  on  the  impregnated  LSFSc-LSGM 
cathodes  was  1.18  eV. 

Fig.  5a  and  b  shows  the  Nyquist  plots  of  the  EIS  data  for  the 
symmetrical  fuel  cells  measured  in  97%  H2-3%  H20  at  800  °C  and 
700  °C,  respectively.  Similar  to  oxygen  reduction  kinetics  as 
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Fig.  3.  SEM  micrograph  of  the  symmetrical  fuel  cell,  LSFSc-LSGM|LSGM|LSGM-LSFSc.  Inset  is  a  higher  magnification  SEM  image  of  the  LSFSc  coatings. 


Fig.  4.  Nyquist  plots  of  the  impedance  data  for  symmetrical  fuel  cells,  LSFSc-LSGM|LSGM|LSGM-LSFSc,  measured  in  air  at  (a)  800  °C  and  (b)  700  °C.  (c)  Bode  plots  of  (a)  and  (b).  (d) 
The  overall  cathode  polarization  resistances  plotted  versus  inverse  temperature. 


X.  Liu  et  al.  /  Journal  of  Power  Sources  246  (2014)  457-463 


461 


3.0 

2.5 

CM 

|  2.0 

X  1.5 

N 

E  i-o 

T 

0.5 

0.01 


(b) 


700°C,H, 

LSFSc 


/*v 


5  8.0  8.5  9.0  9.5  10.0  10.5 

Re  (Z)  (Qcm2) 


0.2  0.3  0.4  0.5  0.6  0.7 

Re  (Z)  (ncm2) 


0.3  0.4  0.5  0.6  0.7  0.8 

Re  (Z)  (fi  cm2) 


— O—  800°C,  no  Cu 
-O-  700°C,  no  Cu 
— 800°C;  with  Cu 
— 700°C,  with  Cu 


10  10  10  10  10  10  10  10  10  10^ 


Re  (Z)  (Qcm  ) 


Temperature  (°C) 

800  750  700  650  600 


1000/T  (K'1) 


Fig.  5.  Nyquist  plots  of  the  impedance  data  for  symmetrical  fuel  cells  LSFSc-LSGM|LSGM|LSGM-LSFSc,  measured  in  hydrogen  at  (a,  c)  800  °C  and  (b,  d)  700  °C  without  (a,  b)  or 
with  (c,  d)  copper  addition,  (e)  Bode  plots  of  (a-d).  (f)  The  overall  anode  polarization  resistances  plotted  versus  inverse  temperature. 


discussed  above,  the  higher-frequency  arc  increased  substantially 
with  decreasing  temperature  while  the  lower-frequency  arc 
remained  independent  of  temperature.  The  dominance  of  the 
higher-frequency  arc  at  both  temperatures  seemingly  indicated 
that  oxygen-anion  transfer  from  the  supporting  LSGM  backbones  to 
the  deposited  LSFSc  catalysts  along  their  interfaces  was  the  rate- 
limiting  step  for  hydrogen  oxidation  on  the  impregnated  LSFSc- 
LSGM  composite  anodes.  Nevertheless,  concerns  arise  from  the 
relatively  low  conductivities  of  LSFSc  catalysts  in  the  reducing  at¬ 
mospheres  that  might  interfere  with  evaluation  of  their  catalytic 
activities  for  hydrogen  oxidation  reactions,  especially  given  the 
much  larger  ohmic  resistances  in  hydrogen  than  in  air,  e.g.,  3.11 
versus  0.174  Q  cm2  at  800  °C  as  obtained  from  the  higher- frequency 
real-axis  intercepts  in  the  Nyquist  plots  shown  in  Figs.  5a  and  4a. 
Accordingly,  additional  impregnations  of  copper  nitrate  were  con¬ 
ducted  in  some  cases  to  provide  enhanced  current  collection  after 
calcinations  at  450  °C  in  air  and  in-situ  reduction  during  the 


measurement,  as  previously  adopted  for  the  Cu-Ce02  co¬ 
impregnated  YSZ  composite  anodes  where  copper  was  catalyti- 
cally  inert  toward  hydrogen  oxidation  reactions  [4,25,26].  Such  a 
low  calcination  temperature  was  used  so  as  to  prevent  any  chemical 
reaction  between  CuO  and  LSFSc  perovskite  oxides. 

Fig.  5c  and  d  shows  the  Nyquist  plots  of  the  EIS  data  for  the 
symmetrical  fuel  cells  with  an  additionally-deposited  copper  cur¬ 
rent  collection  layer  measured  in  97%  H2-3%  H20  at  800  °C  and 
700  °C,  respectively.  Notably,  the  presence  of  the  copper  layer 
resulted  in  a  pronounced  reduction  of  the  pure  ohmic  resistance. 
For  example,  the  ohmic  resistance  at  800  °C  was  0.28  Q  cm2  that, 
although  still  larger  than  observed  in  air  shown  in  Fig.  4a,  is 
approximately  one  order  of  magnitude  smaller  than  the  value  of 
3.11  Cl  cm2  shown  in  Fig.  5a  for  fuel  cells  without  the  copper  layer. 
The  most  important  observation  is  that  the  higher-frequency  arc 
dropped  dramatically  with  the  introduction  of  the  copper  layer,  e.g., 
from  0.58  Q  cm2  to  0.046  Q  cm2  at  800  °C  or  from  2.19  Cl  cm2  to 
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Fig.  6.  Electrochemical  characteristics  of  symmetrical  fuel  cells  without  (a,  b)  or  with  (c,  d)  copper  current  collection  layer  measured  in  humidified  hydrogen  fuel  and  dry  air  over 
the  temperature  range  of  650-800  °C.  All  electrodes  were  =200  pm  thick,  (a,  c)  Plots  of  voltage  and  power  density  versus  current  density  at  650-800  °C.  (b,  d)  Representative 
impedance  spectra  measured  at  800  °C  and  open  circuits. 


0.11  Q  cm2  at  700  °C.  These  results  indicate  that  quick  electron 
transport,  which  was  ensured  by  depositing  a  separate  current 
collection  layer  in  the  present  case,  is  critically  important  for 
facilitating  oxygen  anion  transfer  along  the  LSFSc|LSGM  interfaces 
and  thereby  promoting  hydrogen  oxidation  reactions.  Another 
important  observation  is  that  the  copper  current  collection  layer 
did  not  alter  the  lower- frequency  arc  (Fig.  5e)  that  still  remained  in 
the  range  of  0.25-0.30  Cl  cm2  as  observed  in  Fig.  5a-d.  Much  larger 
magnitude  for  the  lower-frequency  arc  than  for  the  higher- 
frequency  arc  (Fig.  5c  and  d)  demonstrates  the  importance  of 
tailoring  the  surface  chemistry  of  the  deposited  catalysts  to  further 
promote  surface  gas  exchange  in  enhancing  their  catalytic  activities 
for  hydrogen  oxidation  reactions. 

Fig.  5f  summarizes  the  anode  polarization  resistances  (Rp  a) 
derived  from  the  EIS  data  for  the  symmetrical  fuel  cells  with  or 
without  the  copper  layer  at  varied  temperatures.  In  the  absence  of 
the  copper  layer,  the  Rp  a  value  increased  from  0.89  Q  cm2  at  800  °C 
to  11.39  Q  cm2  at  600  °C,  yielding  an  activation  energy  of  1.01  eV  for 
hydrogen  oxidation  reactions  on  the  impregnated  LSFSc-LSGM 
composite  anodes.  On  the  other  hand,  the  RP>  A  values  were  much 
smaller  for  the  Cu  and  LSFSc  co-impregnated  LSGM  composite 


anodes  and  varied  between  0.28  Q  cm2  at  800  °C  and  0.63  Q  cm2  at 
600  °C.  These  values  are  comparable  to  those  reported  for  the  best- 
known  SFMO  electrode,  and  are  much  smaller  than  for  other  redox- 
stable  anode  materials  such  as  0.45  Q  cm2  for  Lao.3SrojFeo.8Cro.2 
03_<5  at  750  °C,  0.35  Cl  cm2  for  Lao.sSro^Sco^Mrio.sC^-d  at  850  °C, 
0.34  Q  cm2  for  LSCM-YSZ  at  850  °C  and  1.4  Q  cm2  for  Lao.7Ca0.3 
Cr0.5Mn0.5O3_5  at  800  °C  [7].  Such  low  RPi  a  values  for  the  present 
impregnated  LSFSc-LSGM  composites  indicate  that  the  LSFSc  ox¬ 
ides,  despite  their  low  conductivities  in  hydrogen,  exhibit  superior 
catalytic  activities  for  hydrogen  oxidation  reactions  since  prior  re¬ 
ports  have  shown  that  the  copper  current  collector  is  essentially 
inert  [4,25,26].  Fig.  5f  also  shows  that  the  presence  of  the  copper 
layer  resulted  in  a  much  smaller  activation  energy  of  0.32  eV  for 
hydrogen  oxidation  reactions,  which  results  from  increased  domi¬ 
nance  of  surface  gas  exchange  in  the  overall  hydrogen  oxidation 
kinetics  that  is  much  less  temperature  dependent. 

Fuel  cell  measurement  was  also  performed  on  the  symmetrical 
fuel  cells  with  one  side  exposed  to  dry  air  and  the  other  to  97% 
H2— 3%  H2O.  Again,  some  of  these  cells  were  impregnated  with 
additional  copper  current  collection  layers  in  the  anodes.  Fig.  6a 
and  c  compares  the  typical  polarization  curves  of  cell  voltages  and 


Re(Z)  (Q-cm^) 


Fig.  7.  (a)  Voltage  and  power  density  versus  current  density  for  the  symmetrical  fuel  cell  with  40  pm  thick  anodes  measured  in  humidified  hydrogen  fuel  and  dry  air  over  the 
temperature  range  of  650-800  °C.  (b)  Representative  impedance  spectra  measured  at  800  °C  and  open  circuits. 
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power  densities  as  a  function  of  current  densities  for  the  two 
types  of  fuel  cells.  For  symmetrical  fuel  cells  with  no  copper  layer, 
the  maximum  power  densities  ranged  between  0.18  W  cm-2  at 
800  °C  and  0.044  W  cm-2  at  650  °C.  Such  low  power  outputs  were 
not  unexpected  and  could  be  explained  by  large  ohmic  resistances 
and  interfacial  polarizations  based  upon  impedance  data  (Fig.  6b), 
resulting  primarily  from  poor  conductivities  of  LSFSc  catalysts  in 
hydrogen  as  well  as  a  relatively  large  anode  thickness  (z.e., 
200  pm).  On  the  other  hand,  co-impregnation  of  a  second  copper 
layer  dramatically  increased  the  fuel  cell  power  outputs  with 
respective  maximum  power  densities  of  0.54,  0.40,  0.29  and 
0.20  W  cm-2  at  800,  750,  700  and  650  °C  that  were  approximately 
3-4  times  as  large  as  those  obtained  in  the  absence  of  copper 
layers.  Such  a  pronounced  enhancement  was  due  to  decreased 
ohmic  resistances  and  anode  polarizations  with  copper  addition 
(Fig.  6d),  as  previously  observed  for  ceria  impregnated  YSZ  com¬ 
posite  anodes  [27]. 

An  alternative  approach  to  facilitate  electron  transport  within 
the  low-conductivity  anodes  is  to  reduce  their  thickness.  Fuel  cells 
with  symmetrical  LSFSc-LSGM  electrodes  were  also  fabricated 
from  a  different  LSGM  tri-layer  -  18  pm  thick  dense  layer  sand¬ 
wiched  between  200  and  40  pm  thick  porous  layers  with  LSFSc 
catalysts  subsequently  impregnated,  where  the  thinner  LSFSc- 
LSGM  layers  were  used  as  the  anode  with  no  copper.  Fig.  7a  shows 
the  typical  polarization  curves  for  the  resulting  symmetrical  fuel 
cells.  The  maximum  power  densities  were  0.56,  0.46,  0.32  and 
0.17  W  cm-2  at  800,  750,  700  and  650  °C,  respectively.  Comparison 
with  results  in  Fig.  6a  for  fuel  cells  with  200  pm  thick  anodes 
demonstrates  the  effectiveness  in  enhancing  the  power  densities 
via  reducing  low-conductivity  anode  thickness  that  yielded  much 
smaller  ohmic  resistances  and  interfacial  polarizations  (Fig.  7b). 
The  present  results  compare  favourably  with  prior  reports  on  SOFCs 
with  impregnated  oxide  anode  catalysts.  For  example,  thin  YSZ 
electrolyte  fuel  cells  with  LSCM  impregnated  YSZ  anodes  showed 
maximum  power  densities  of  0.105  W  cm-2  at  700  °C  [24,27].  Such 
high  power  densities  as  obtained  for  symmetrical  fuel  cells  with 
thin  anodes  in  the  absence  of  copper  layer  further  confirmed  that 
the  LSFSc  catalyst  by  itself  has  a  superior  catalytic  activity  for 
hydrogen  oxidation  reactions. 

4.  Conclusions 

In  summary,  we  have  shown  the  great  promise  of  the  mixed- 
conducting  LSFSc  symmetrical  electrode  material  with  good 
structural  stability  and  reasonable  conductivities  in  air  and 
hydrogen.  Nano-scale  LSFSc  catalysts  impregnated  into  the  porous 
LSGM  backbones  exhibited  high  catalytic  activities  for  oxygen 
reduction  and  hydrogen  oxidation  reactions  and  thereby  yielded 
low  polarization  resistances,  e.g.,  0.015  Q  cm2  in  air  and  0.29  Q  cm2 
in  hydrogen  under  the  condition  of  quick  electron  transport  at 
800  °C.  Thin  LSGM  electrolyte  fuel  cells  with  symmetrical  LSFSc 


catalysts  showed  maximum  power  densities  of  0.56  and 
0.32  W  cnrT2  when  operating  on  97%  H2— 3%  FI20  at  800  and  700  °C, 
respectively. 
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